Abstract: Carpathian Scots pine populations having peripheral distribution within the species' range are often sustained in specific types of habitats, such as peat bogs and rocky surfaces or lime consisting sandy substrates. Due to their long time adaptive processes, which involve genotypes that can be preadapted to a given selection pressure, historically isolated populations are subjects of particular interest in studies of in situ adaptation. In this study we focus on detecting the level of phenotypic differentiation based on cone morphology and needle anatomy in marginal populations of Pinus sylvestris L. in the Pannonian Basin and the Carpathian Mountains. Six cone morphological and eight needle anatomical characters were measured and four cone morphological and four needle anatomical ratios were calculated. Our results in concordance with paleobotanical data indicate a common origin of the populations from the Northern Carpathians and the Pannonian Basin. High levels of variation were observed in cone morphology. Discriminant function analysis based on the eight cone characteristics revealed clearly discernible groups of populations and indicated significant differentiation among populations growing in peat bogs and on rocky substrates. Significant differences among populations from different habitats were also revealed by comparing needle anatomical variables. The phenotypic differentiation by habitat type based on the measured characters might be evaluated as a sign of local adaptation with detectable phenotypic patterns.
Introduction
Important shifts in the geographic distribution of forest tree species caused by recent climate change make the study of edge populations a topic of particular importance for biologists. The importance of the persistence of some species in peripheral 'small refugia' is being increasingly recognized (Noss, 2001; Petit et al., 2003) . While the term was originally introduced to refer to locations where species survived the last glacial period (Bennett & Provan, 2008) , now it is often also used to refer to areas that should be conserved to minimize the impacts of changes in the global ecosystem (Rull, 2009) . The properties of tree populations in these peripheral refugia have evolved through the interaction of migration and selection (Davis & Shaw, 2001) . Although trees are usually well adapted to local environments with high phenotypic plasticity, the composition and structure of peripheral populations is influenced or determined by a combination of historical events, geological changes in the growing sites, and in situ adaptation to ecological factors (Losos, 1996) . The adaptedness and the adaptability of edge populations to varying environmental conditions are dependent on the diversity accumulated in the gene stock and long potential exposure to divergent selection pressures (Gregorius, 1989) . Although each peripheral population possesses a specific migration history, natural selection over extended periods of time leaves traces on gene based morphological and anatomical traits. As the most widely distributed member of the family Pinaceae (Critchfield & Little, 1966; Turna, 2003) in Central and Eastern Europe (including the Carpathians), Scots pine is present only in isolated, peripheral localities. Also, it has been postulated that in Europe Scots pine survived the last glaciations in five main refugia, namely the Iberian Peninsula, the north Apennine Peninsula, south of the Carpathians, the Sudetes, and the Balkans (Prus-Głowacki et al., 2012) . Nowadays, these refugial populations represent gene pools of the species and are affected by isolation, mutations and selection due to ecological conditions and genetic drift. Moreover, these small populations persist in extreme habitats types with elevated groundwater tables (such as peat bogs) or grow on sunny, rocky substrates (Urbaniak, 1998) . They continue to survive under diverse environmental conditions within a scattered geographic area. Natural selection forces individuals within these specific habitat types to adapt to the local environmental conditions (Lenormand, 2002) . Accordingly, it is presumed that Carpathian populations of P. sylvestris exhibit considerable variation in morphological characteristics (Boratyński, 1991; Turna, 2003) .
Morphological and anatomical traits are important indicators of responses to varying environmental conditions (Urbaniak et al., 2003) . As phenological marks, needles are directly exposed to the environment's physical factors, such as altitude, air temperature, atmospheric pressure, precipitation, and wind velocity (Friend & Woodward, 1990; Körner, 2007; Tiwari et al., 2013) . They are also responsible for photosynthesis, carbon assimilation, and exchange of gas and water, and they may vary in overall dimensions, as well as in details of key anatomical characteristics important in processes of adaptation (Donnelly et al., 2016) . Cone formation is also known to be variable, depending greatly upon climatic factors (Ovington, 1957) . Our hypothesis is that natural populations in the refugial areas, in addition to possessing imprints of historical events, are also distinctive due to adaptations to different habitat extremes on the periphery. This hypothesis is supported by studies performed on populations from Central and Northern Europe, the Balkans, Iberia, and Anatolia (Staszkiewicz, 1961; Tobolski & Hanover, 1971; Mejnartowicz, 1979; Prus-Glowacki & Stephan, 1994; Alía et al., 2001; Prus-Głowacki et al., 2003; Turna, 2003; Labra et al., 2006; Bilgen & Kaya, 2007; Pyhäjärvi et al., 2007; Semiz et al., 2007; Dzialuk et al., 2009; Jasińska et al., 2014) . Based on these works, it can be concluded that populations in refugial areas display not only 'geographic marks', but also genetic differences and differentiation at the phenotypic level. In this study, we focus on detecting the level of phenotypic differentiation of Scots pine in peripheral populations from the Carpathians and the Pannonian Basin based on morphological and anatomical data in cones and needles. As our finding demonstrates, morphological and anatomical trait variation within these populations shows a specific level of individual homeostasis as a consequence of the phenotypic stability. Our findings may yield information concerning the genetic background of populations and provide indication about the origin and formation of the current gene pool, which has been shaped by the consequences of local adaptation to extreme ecological sites.
Materials and methods

Study sites
16 natural populations of Pinus sylvestris L. from the Carpathians and the Pannonian Basin were sampled between 2011 and 2015 (Table 1, Fig. 1 ). All of these marginal populations within the natural range of the species occupy specific habitat types, such as raised bogs, dry rocky substrates, or mixed forests on specific substrates with low nutrient content. These mixed forests, which have developed on different substrates, are characterized by specific competition features due to the vegetation mixture of conifers and broad-leaved deciduous trees, in which Scots pine seems to be less competitive (Fig. 1) .
Sampling design
Trees were chosen using randomized sampling design at each stand. 25 to 40 fully ripened, brown, two-year-old cones from each population and 10-20 two-year-old brachyblasts with healthy needles were collected from each tree, from four trees per population. Following the collection, the cones were kept at room temperature. After three weeks, all of the seeds were extracted and stored in paper bags. Following seed extraction, the cones were desiccated at 30-40°C and then stored in airtight plastic bags. Needles were taken from 30-40-year-old adult trees at 2-3 m above ground level from a well-illuminated part of the crown. Leaf collections were stored in sealed plastic bags at -20°C in a freezer. Before measurements were taken, a cross section was made from the middle of each needle. Cross sectioning was carried out with an Ernst Leitz GMBH Wetzlar tissue microtome. Sections were stained with Toluidine blue, washed with 10% hydrochloric acid, and placed on glass slides in glycerinated water.
Characters and their measurements
In reference to all twenty two studied traits, six cone morphological and eight needle anatomical characters were measured and four cone morphological and four needle anatomical ratios were calculated. Six morphological characters were measured on each cone: cone width (CW), cone length (CL), number of scales (NBS), width (AW), length (AL), and thickness of apophysis (AT). Four ratios were calculated: cone length/width (CL/CW), cone length/number of scales (CL/NBS), apophysis length/apophysis thickness (AL/AT), and apophysis length/width (AL/ AW). These parameters were measured with an electronic caliper with 0.1 mm accuracy.
Needle anatomical data were obtained from 256 needles: four needles per tree on four trees per population (a total of 16 needles per population). The anatomical parameters (8 in total) measured for each needle were: number of resin ducts (NRD), number of layers of the armed palisade parenchyma on the concave side (NBRCC), convex side (NBRCV) and between central cylinder and needle edge (NBRCW). Additional characteristics (measured in µm) were assessed, including needle height (NH) and width (NW), the height (CCH) and width (CCW) of the central cylinder, and four ratios: central cylinder width/height (CCW/CCH), needle width/height (NW/NH), central cylinder height/needle height (CCH/NH), and central cylinder width/needle width (CCW/NW). The number of resin ducts and parenchyma cells were examined under an Olympus XC21 microscope, with the ocular and objective magnification of 10× and 40×, respectively.
The height and width of the needle and central cylinder were measured in micrometers (µm) using a Zeiss Axio Imager A2 microscope with 5×/0.13 
Data analysis
Statistical analysis was carried out on 4448 sampling data to investigate the cone traits and needle anatomical parameters. Methods were chosen according to the existing literature (Staszkiewicz, 1961; Marcysiak, 2006; Turna & Güney, 2009; Jasińs-ka et al., 2014) . Multivariate ANOVA (MANOVA), discriminant analysis, and the Mantel test were performed. Maximal-minimal values, arithmetic means, and standard deviations were calculated and analyzed for all populations and groups of populations. The one-way multivariate analysis of variance (MANO-VA) test with geographical position or habitat type as a factor was used, followed by variable-wise between-subjects effects analysis, to evaluate the significance of differences among populations for particular characteristics. The normality of the residuals was accepted on the basis of their skewness and kurtosis (Tabachnick & Fidell, 2013) . Since the assumption of homogeneity of variances was moderately violated by Levene's test (p<0.05), we separated the significantly different groups by using Games-Howell's post hoc test. We applied discriminant function analysis to predict a categorical dependent variable and determine whether a set of variables was effective in predicting category membership.
We considered previous molecular studies and macrofossil and pollen data analyses, which arrive at the conclusion that there is evidence of refugial locations in East-Central Europe, e.g. the Hungarian plain (Naydenov et al., 2005; Cheddadi et al., 2006; Bernhardsson et al., 2016) , as well as studies and data published by Magyari et al. (2014) , who contended that the species persists in Eastern Carpathian refugia. Therefore, we decided to apply discriminant function analysis separately for both morphological and anatomical datasets to detect samples grouping after a previous sorting of populations according to geographical distribution (the Pannonian Basin, the Northern Carpathians, Central Island Mts., the Eastern Carpathians, and the Southern Carpathians). We also sorted the populations under examination according to the type of their habitat (peat bogs, rocky substrates, and mixed forests) to detect any grouping by traits, which are (or are not) suited to the specific environment. The analysis was performed according to the stepwise method by computing the group sizes within groups. Morphological variation was analyzed with IBM SPSS 20.0 (IBM Corp.) and Microsoft Excel. A Mantel test (Mantel, 1967) was performed to test the relationship between the geographical and morphological multi-character differences among the populations. Euclidean distances and geographical distances among populations were used for the evaluation using GenAlEx 6.5 (Peakall & Smouse, 2006) software.
Results
Differentiation by geographical distribution
Our average values with standard deviations of the analyzed cone characteristics by geographical distribution are summarized in Table 2 . One-Way MANOVA test on morphological traits yielded significant differences (F(20;820)=8.25; p<0.001) with significant between-subjects effects (F(4;251)>6.1; 
CW Cone width (cm) 4.1 ± 0.7 4.0 ± 0.5 4.8 ± 0.7 4.0 ± 0.9 4.4 ± 0.8 CL Cone length (cm) 3.9 ± 0.7 3.4 ± 0.6 4.3 ± 0.8 3.8 ± 1.0 3.8 ± 0.8 NBS Number of scales 72.3 ± 11.7 59.0 ± 8.4 81.5 ± 11.8 67.6 ± 11.2 63.8 ± 9.4 AW Width of apophysis (mm) 6.7 ± 1.3 6.4 ± 1.0 6.3 ± 0.9 7.2 ± 1.0 6.4 ± 1.2 AL Length of apophysis (mm) 6.9 ± 1.0 6.8 ± 0.8 6.8 ± 1.0 6.7 ± 1.6 7.2 ± 0.6 AT Thickness of apophysis (mm) 2.6 ± 0.7 2.5 ± 0.6 3.3 ± 0.9 3.3 ± 1.1 2.7 ± 0.8 AL/AT Apophysis length /apophysis thickness 2.9 ± 1.0 2.7 ± 0.5 2.2 ± 0.9 2.2 ± 0.8 2.9 ± 0.9 p<0.001). We have found that in the case of five variables (AW, AT, CW, and AL/AW, AL/AT), populations from the Northern Carpathians and the Pannonian Basin form one group, while cones from the Eastern Carpathians are separated by four (AW, AT and AL/ AT and AL/AW ratios) variables (Fig. 2) . According to the discriminant function analysis, on the basis of the first variable (Function 1), which was responsible for 60.6% of the variation, the centroids of the populations were split into two distinct groups: one comprises the Central Island Mts. (3), the Northern Carpathians (2), and the Southern Carpathians (5), and a second, separate group is formed by populations from the Pannonian Basin (1) and the Eastern Carpathians (4) (Fig. 3A) . NBS and CW were discriminating variables of Function 1. The second variable (Function 2), which was responsible for 20.7% of the total variation, differentiated the populations from the Pannonian Basin (1) from populations in the Eastern Carpathians (4), while the Northern (2) and Southern Carpathians (5) still remained in one group. The second variable (Function 2) differentiated the populations by CL/CW, AW and AL/AW. 
NRD Number of resin ducts 13.0 ± 3.1 12.1 ± 2.9 9.0 ± 3.2 10.7 ± 1.4 9.6 ± 2.0 
NBRCC
CCW/ CCH
Central cylinder width/ central cylinder height 2.9 ± 0.4 2.7 ± 0.3 2.5 ± 0.5 2.6 ± 0. We calculated the average values of the analyzed needle characteristics with standard deviations by geographical distribution (Table 3) . Performing the MANOVA test with anatomical traits, we found significant differences based on four variables: CCH, CCW, NH, NW and three ratios: CCW/CCH, CCH/ NH and CCW/NW (F(16;758)=10.35; p<0.001; F(126;659)=12.62; p<0.001;) with significant between-subjects effects (F(4;251)>14.90; p<0.001; F(4;251)>9.94; p<0.001). Populations from the Pannonian Basin were significantly separated from the Northern Carpathians by four variables: CCH, CCW, NH, and NW and three ratios: CCW/CCH, CCH/NH, and CCW/NW (Fig. 4A,B) . By carrying out discriminant function analysis by the first variable (Function 1), which was responsible for 41.3% of the variation, we showed that the populations form two distinctive groups (Fig. 3B) : the Pannonian Basin (1), the Central Island Mts. (3), the Eastern Carpathian (4) vs. Northern (4) and Southern Carpathians (5). NBRCC and CCH were discriminating variables. The second function (Function 2), which was responsible for 32.2% of the total variation, made evident the separation of the Pannonian Basin (1) from the Central Island Mts. (3) and Eastern Carpathians (4). Discriminating variables were: NRD, CCW, NW, and NH. Additionally, Function 3 (24%) indicated a difference between the populations in the Central Island Mts. (3) and the populations in the Eastern Carpathians (4) according to NBRCW and NBRCV.
The Mantel correlation test was not significant (R 2 =0.017, p<0.05) (Fig. 5) .
Differentiation by habitat type
First, we calculated the average values of the analyzed needle and cone characteristics with standard deviations by habitat type (Tables 4, 5 ). We performed a statistical analysis with three previously formed groups according to habitat type. By carrying out a one-way MANOVA test using the morphological cone dataset (AL, AT, AW, CL/CW, NBS), we detected significant differences (F(10;498)=13.69; p<0.01) by revealing significant between-subjects effects (F(2;253)>3.46; p<0.05). Populations from peat bogs differed significantly from those of rocky substrates and mixed forests in the case of two variables: the length and thickness of apophysis (AL, AT). Samples originating from dry rocky substrates were significantly separated according to three variables: AW, NBS, and CL/CW (Fig. 6a) . By performing a one-way MANOVA test with ratios (CCW/CCH, CCH/NH, CCW/NW) and with NRD, we detected significant differences again (F(8;500)=12.64; p<0.001) with significant between-subjects effects (F(2;253)>8.00; p<0.001). We found significantly less resin ducts (NRD) among populations from peat bogs and on rocky substrates. In the case of three proportions (CCW/CCH, CCH/NH and CCW/NW), populations with mixed forest origin differed significantly by high values at CCW/NW and CCW/CCH and lower values at CCH/NH ratios (Fig. 6B) . Therefore, these anatomical traits seem to be very useful in describing differentiation among habitats. Discrimination analysis based on the measured morphological datasets, with the first variable (Function 1) responsible for 69.6% of the variation and the second variable (Function 2) responsible for 30.4% of the variation, revealed a slight pattern of populations by the separation into two groups: mixed forests (3) with rocky substrates (2) vs. peat bogs (1). The highest level of differences between the populations was defined by the following variables; for function 1: AT, AL/AT, AL/AW, NBS, AW, and for function 2, which separated mixed forests (3) from rocky substrates (2): CL/CW (Fig. 7A) . Discriminant function analysis with anatomical needle variables after a previous sorting of populations by habitat type showed that the first variable (Function 1) was responsible for 59.2% of the variation and the second variable (Function 2) was responsible for 40.8% of the variation. Three groups were identified: mixed forests (3), rocky substrates (2), and peat bogs (Fig. 7B) . Differences among populations were defined by three variables represented by Function 1: central cylinder width (CCW), number Cone length (cm) 4.1 ± 1.0 3.7 ± 0.7 4.0 ± 0.8 NBS Number of scales 74.9 ± 13.8 66.7 ± 13.0 72.4 ± 11.4 AW Width of apophysis (mm) 6.9 ± 1.1 6.3 ± 0.9 6.9 ± 1.4 AL Length of apophysis (mm) 6.6 ± 1.3 6.9 ± 0.9 7.0 ± 1.0 AT Thickness of apophysis (mm) 3.5 ± 1.0 2.7 ± 0.6 2.5 ± 0.8 CL/CW Cone length/cone width 0.9 ± 0.2 0.9 ± 0. 
Discussion
Peripheral populations of Scots pine involved in our study are considered to be of natural origin and have persisted in refugial territories with specific local ecological conditions. Plants are systems integrated in their habitats, therefore the study of traits that influence their survival and reproduction in these habitats can reveal diversification in contrasting environments (Reich et al., 2003) . However, populations or genotypes can be preadapted to a given selection factor or environmental condition. When they colonize new habitats or geographic areas, their survival can depend on their functional traits, which are or are not suited to the environment (Reich et al., 2003) . Thus, current species distributions may reflect ecological pre-sorting processes, in addition to in situ adaptive evolution (Losos, 1996) , indicating their origin and their historical colonization routes.
The level of differences in peripheral populations of Scots pine found in our study can be treated as congruent with the earlier described variation of the species. Differentiation of populations from the Iberian Peninsula was described using needle (Pardos et al., 1990; Boratynska & Hinca, 2003; Jasińska et al., 2010; Jasińska et al., 2014) and cone characteristics (Staszkiewicz, 1993; Marcysiak, 2006) . Urbaniak et al. (2003) also found differentiation among populations, detected on the basis of morphological character expression, influenced by both the edaphic conditions and the distinct genetic structure. Morphological and anatomical differences among populations are also listed as distinguishing characteristics among populations in the work by Bobowicz (1984) and Bobowicz & Korczyk (2000) . Oleksyn et al. (1998) suggested that new models in predicting species' adaptation to the changing environmental conditions needs study on intrespecific differentiation level. Cone characteristics are traits of the highest discriminating power in inter-populational comparisons among regions in the works by Bobowicz and Korczyk (2000) and Jasińska et al. (2014) . In work of Androsiuk et al. (2011) , the principal variables which proved to be indicative to discriminate populations were the needle characteristics. Several studies which describe differentiation among populations of other species from the genus Pinus can also be found in papers by Marcysiak (2004) , Bączkiewicz et al. (2005) and Sobierajska et al. (2010) .
Geographical differentiation
Our analyses showed in the first instance a grouping of populations by their geographical position. Populations from the Northern Carpathians and the Pannonian Basin formed a well-distinguished group on the basis of five cone (Fig. 1) and two needle characteristics (Fig. 3) . These findings are generally congruent with previous molecular studies (Naydenov et al., 2005; Cheddadi et al., 2006; Bernhardsson et al., 2016) and macrofossil and pollen data analyses (Stieber, 1967; Rudner et al., 1995; Haesaerts et al., 1996; Damblon, 1997; Richardson & Rundel, 1998; Rudner & Sümegi, 2001; Willis & Van Andel, 2004; Jankovská & Pokorný, 2008) . According to them, one main recolonization route in Europe presumably originated from around the Eastern Alps and the surroundings of the Danube plain, and there is evidence of refugial locations in the Eastern Alps and East-Central Europe, e.g. the Hungarian plain (Naydenov et al., 2005; Cheddadi et al., 2006; Bernhardsson et al., 2016) . The data in the literature are also consistent with our findings based on needle anatomical characteristics, according to which populations from the Pannonian Basin are differentiated significantly according to six anatomical variables. On the other hand, on the basis of four morphometric variables in the MANOVA test and discriminant function analysis, the Eastern Carpathian region proved to be distant from the rest of the populations. The study by Magyari et al. (2014) , based on pollen analysis, predicted Pinus persistence in the Eastern Carpathinas between 22,870 and 19,150 cal yr BP. The application of the Mantel test to correlate the morpho-anatomical and geographic distances and seek for spatial patterns, yielded no significant correlation. According to this finding, we assume that Scots pine from the Carpathians represents only a small geographic range of the species' large distribution. Fossil evidences, Fig. 7 A- paleoclimatic modeling, and genetic research suggest that conifers and some broadleaf trees were continuously present throughout LGM in refugial territories around the Pannonian Basin (Willis & Van Andel, 2004; Ronikier, 2011; Mitka et al., 2014) .
Differentiation by habitat type
Under extreme conditions, peripheral populations with specific structures are exposed to dramatic environmental changes which will impose novel selection pressures and may therefore cause adaptive responses (Bone & Farres, 2001) . Morphological traits of conifer species are known to vary adaptively with geographic, climatic, and edaphic variables (Ji et al., 2011) . In several works in the existing literature, significant differences between isolated populations were observed, mostly with regard to their morphological features (Szweykowski & Urbaniak, 1982) . On the other hand, abiotic factors, such as temperature, light, soil type, available nutrients, and other derived factors (Pawlaczyk et al., 2010) lead to the development of local phenotypes, i.e. populations with distinguishing characteristics. These populations are present in a given area within the range of the species (Remlein et al., 2015) . The samples of Scots pine, which we examined, were mainly from specific habitat types, such as raised bogs, dry rocky substrates and sandy substrates, and they were from different altitudinal gradients which varied from 252 m (HFE) to 1107 m (STU).
Discriminant function analysis based on the eight cone characteristics revealed clearly discernible groups of populations. Nevertheless, cone size and weight can be influenced by tree age, general health of the trees, and the macro-and micro-habitat of the parent trees (Dangasuk & Panetsos, 2004) . The high levels of variation observed in cone morphology might be explained by the long-term adaptation of populations to diverse and changing environmental conditions, and they also can be due to the lack of competition with other pines (Gil et al., 2002) . However, the results of a one-way MANOVA test with cone datasets revealed significant differentiation among populations growing in peat bogs and on rocky substrates in the case of the following traits: length, width, and thickness of apophysis (AL, AW, AT), number of scales (NBS), and the cone length/ cone width (CL/CW) ratio. If we take into consideration the fact that cones from several geographically different peat bog locations were not significantly larger then those from other habitat types, it can be concluded that in peat bogs cone structure, not cone size represents a difference that can be evaluated as a sign of local adaptation. Lack of geographic correspondence among populations with similar phenotypes was also observed in P. canariensis (Gil et al., 2002) , P. radiata (Forde, 1964) , and P. tecunumanii (Eguiluz Piedra, 1984) . Beaulieu and Simon (1995) showed that no general geographical grouping could be detected in the observed variation in P. strobus collected from ten natural populations in the Canadian province of Quebec. Furthermore, cones from individuals on dry rocky substrates were separated as significantly smaller and, on the basis of apophysis width (AW), number of scales (NBS), and cone length/width ratio (CL/CW), well-proportioned but less dense in structure.
Significant differences in needle anatomy were found among populations with different habitat types. A one-way MANOVA test applied to needle anatomical data shows significantly less resin ducts (NRD) among populations from peat bogs and rocky substrates or significantly more NRD among populations with mixed forest provenience. Though not well understood, pine resin may play a role in water regulation (Farrell et al., 1991; Bell, 2010) . All our samples from mixed forests were obtained from areas in the Pannonian Basin with the lowest altitudinal gradient. Accordingly, this could be regarded as a sign of altitudinal adaptation, or it might be due to common geographical origin. However, similar findings were described in Pinus brutia by Dangasuk and Panetsos (2004) , who reported the number of resin canals as a useful trait for identifying altitudinal and longitudinal adaptation variations within and among populations.
The calculated CCH/NH and CCW/NW proportions actually estimate the dimensional relationship of central cylinder with the photosynthetically active mesophyll. Lower values indicate a thicker mesophyll and, consequently, increased photosynthetic activity. We have found significantly higher values of needle width (NW) and needle height (NH) and significantly lower values of CCH/NH proportion among populations from mixed forests. Considering that our mixed forest samples were collected from areas in the Pannonian Basin with the lowest altitudinal gradient, our NW data is in agreement with the findings of Wahid et al. (2006) , who found that needle width correlated negatively with altitude in maritime pine (P. pinaster). The higher NH value and lower CCH/ NH proportion indicate a larger leaf area, thicker mesophyll and, therefore, increased photosynthetic activity. Plants growing under strong light have well developed palisade parenchyma, thicker leaves, relatively larger leaf area, higher biomass, increased photosynthesis, and lower contents of chlorophyll, carotenoid, and nitrogen (Je et al., 2006; Yang et al., 2007; Huang et al., 2008; Volkova et al., 2010) . Structural characteristics of conifer needles are often strongly related to gradients in long-term light availability within canopies and across stands (Richardson et al., 2000; Richardson et al., 2001; Niinemets et al., 2002; Lhotáková et al., 2007; Niinemets et al., 2007) . The lower NBRCC and NBRCW values and higher CCH/ NH proportion in peat bog populations and populations growing on rocky substrates can be explained as a response to increasing environmental stress, which is accompanied by a decline in photosynthetic and growth rate, since higher leaf age compensates for low photosynthesis (Schoettle et al., 1994; Reich et al., 1995) . According to some authors, Scots pine needles from the sites with limited phosphorus availability (such as peat bogs or rocky substrates) are narrower and thinner than needles from the nutrient-rich site (Niinemets et al., 2001) . Our findings are congruent with those data, since the width and height of needles in populations from peat bogs and on rocky substrates were significantly lower. Scots pine, however, typically occurs on different types of well-drained mineral soils, representing a broad range of variation in pH, nutrient availability, and vegetation (Persson, 1980) . Consequently, not only the geographical range, but also the ecological tolerance of the species is very wide. Variation in leaf traits is an important characteristic of ecological processes that are driving forces for biogeochemical cycles in ecosystems (Reich et al., 1992) . Studies of needle traits allow us to gain important insights into these processes and predict ecosystem responses to changes in the environment.
Conclusions
A common group membership of the Northern and Southern Carpathian populations, obtained as a result of discriminant analysis (based on six needle anatomical characteristics) and concurring with previous molecular data, can also be evidence of a common geographical origin. The phenotypic differentiation by habitat type based on five cone and eight needle characteristics might be evaluated as a sign of local adaptation with detectable phenotypic patterns. Finally, one can conclude that both geographical and habitat type differentiation support the hypothesis that the structure of the Carpathian peripheral Scots pine populations will be shaped by a combination of their colonization history and the influence of in situ ecological factors.
